Abstract: Cholesterol-embolization syndrome (CES) is a multisystemic disease with various clinical manifestations. CES is caused by embolization of cholesterol crystals (CCs) from atherosclerotic plaques located in the major arteries, and is induced mostly iatrogenically by interventional and surgical procedures; however, it may also occur spontaneously. Embolized CCs lead to both ischemic and inflammatory damage to the target organ. Therefore, anti-inflammatory agents, such as corticosteroids and cyclophosphamide, have been investigated as treatment for CES in several studies, with conflicting results. Recent research has revealed that CES is actually a kind of autoinflammatory disease in which inflammasome pathways, such as NLRP3 and IL1, are induced by CCs. These recent findings may have clinical implications such that colchicine and IL1 inhibitors, namely canakinumab, may be beneficial in the early stages of CES.
Introduction
Cholesterol-embolization syndrome (CES) is a systemic disease caused by showering of atherosclerotic plaque materials, such as cholesterol crystals (CCs), from the aorta and its major branches to distal circulation, leading to ischemic and inflammatory damage to multiple organs. 1 This syndrome is also called atheroembolism, atheromatous embolization syndrome, and cholesterol-crystal embolization. Renal involvement of CES is referred to as atheroembolic renal disease (ARD) or cholesterol ARD. 2 CES should be differentiated form a more frequent form of arterial embolization syndrome -arterioarterial thromboembolism -in which a sudden release of thrombus from an atheromatous plaque causes acute ischemia and infarction of the distal organ. However, CES is characterized by embolization of smaller CCs, resulting in more gradual end-organ damage caused by both ischemic and inflammatory mechanisms. 3 CES is a frequently underdiagnosed disease. However in recent years CES has been diagnosed more frequently, probably due to increased clinical awareness, increased life expectancy of patients with atherosclerosis, and an increase in the number of invasive vascular procedures. 2 
Epidemiology
Although there has been significant variability among studies, the incidence of clinically evident CES has been reported to be 0.09%-2.9%. [4] [5] [6] In autopsy series, CES was found at a frequency of 0.31%-2.4%. 7, 8 However CES frequency was significantly higher (12%-77%) in autopsy studies performed on selected populations ,such as elderly patients who had died after aortic surgery or aortography.
In a study of 519 patients with thoracic aortic atherosclerotic plaques determined on transesophageal echocardiography (TEE), CES was found in 1% of patients during follow-up of >3 years. 5 In a prospective observational study of 1,786 patients undergoing cardiac catheterization, CES was found in 1.4% of patients, with 64% of those having renal damage, and definite CES was established in 0.8% of patients. 11 Abdominal aortic aneurysms are important sources of cholesterol emboli. In a prospective study of 660 patients with abdominal aortic aneurysms that were followed for a mean of 15 months, CES was diagnosed in 2.9%. 6 In a retrospective study, only 15 of 16,223 patients (0.09%) who had undergone vascular procedures were found to have CES. 4 In three autopsy studies, incidence of spontaneous CES was found to be 0.79%-3.4% which was most frequently observed in elderly patients. 7 However the diagnosis of CES is easily overlooked in most cases, and exact incidence is probably much higher than has been reported. In a prospective study performed on 60 patients presenting with acute myocardial infarction who underwent coronary artery-bypass-graft surgery, two muscle-biopsy and one skin-biopsy specimens were obtained during surgery. 12 A total of seven patients (12%) had pathological evidence of CES in the musclebiopsy specimens; however, clinically evident disease was present in only one. ARD was found at a frequency of about 1% in series of 755 and 4,580 consecutive kidney biopsies. 13, 14 However, in a study performed on renal biopsies of patients >65 years of age, 14 cases of ARD were found in 334 biopsies (4.2%). 15 ARD may be an important cause of acute kidney injury (AKI) in elderly patients. In a study performed on 259 patients >60 years of age who underwent kidney biopsy for AKI, 7% were found to have ARD. 16 It should be emphasized that retrospective biopsy studies may overestimate the incidence of CES, due to inclusion of many subclinical cases. 2 
Pathophysiology of CES
Atherosclerotic plaques are usually composed of platelets, fibrin, necrotic cell debris, and CCs. 1 Hemodynamic changes, inflammation, and intraplaque hemorrhage, which may occur spontaneously or due to invasive procedures, may induce plaque erosion and rupture that expose the components of the plaque to systemic circulation. Subsequent showering of CCs to distal circulation leads to obstruction of arterioles with diameters of 100-200 μm.
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Initially, embolization of CCs causes ischemic injury; however subsequent inflammatory reaction aggravates and perpetuates the injury. Endothelial injury, complement activation, oxidative stress, activation of the renin-angiotensin-aldosterone system (RAAS), leukocyte aggregation, and release of leukocyte enzymes are all considered responsible for end-organ injury encountered in the course of CES. 18, 19 Mechanical obstruction of arcuate arteries, interlobular arteries, and glomerular capillaries may reduce regional blood perfusion and in turn activate the RAAS, leading to oxidative stress, apoptosis, inflammation, and fibrosis. 20 Therefore, clinically RAAS inhibitors may have beneficial effects on kidney survival in CES. A summary of the pathophysiological mechanisms of CES is presented in Figure 1 .
CES and inflammation
CCs are known to cause inflammatory reactions around the arterioles resembling a foreign-body giant-cell reaction.
CCs are accepted as danger-associated molecular patterns that have been shown to activate IL1β pathway via the NLRP3 inflammasome molecule. 21 Furthermore, CCs have been shown to induce TNF and MIP2 secretion.
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In Fukumoto et al, 11 CES was found to be independently associated with preprocedural CRP levels. Inflammation is well known to be an important factor in the pathogenesis of atherosclerosis. 23, 24 The vulnerable atherosclerotic plaques contain a large amount of inflammatory cells, which can be the source of CES. Therefore, increased CRP levels may represent increased inflamma- Skin biopsy is relatively noninvasive, especially when obtained from the feet and legs, which has high sensitivity -around 92%. 32 The histologically pathognomonic feature of CES is the biconvex and needle-shaped "ghosts" of CCs or "cholesterol clefts" within arterioles, which are caused by dissolution of CCs during fixation of the biopsy sample. 33 CCs can be seen only if biopsy samples are prepared with liquid nitrogen, by which technique CCs demonstrate double refraction under polarized light. 34 However, in clinical practice a diagnosis of CES can usually be established when a combination of an inciting event and characteristic manifestations of the disease are present. For example, after a percutaneous angiography, if a patient has a delayed-onset of AKI together with cutaneous manifestations, such as livedo reticularis or blue-toe syndrome, a clinical diagnosis of CES can be established. Tissue biopsy may not be necessary if CCs are detected in the retinal vessels (Hollenhorst plaques), which can be observed in 10%-25% of CES cases.
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Differential diagnosis
Differential diagnosis of CES is presented in Table 1 . Since clinical manifestations of CES are varied, with non-specific features, the list of differential diagnoses is long, and thus CES may be considered one of the "great imitators" ( Table 1) . First of all, CES should be differentiated from arterial thromboembolism, which usually causes acute ischemia and infarction of the distal organ. Although these two entities have a common risk factor, which is advanced atherosclerosis, differential diagnosis is important, because the prognosis and treatments of these diseases are different. 36 Thromboembolism is usually abrupt in onset and usually causes acute organ dysfunction due to ischemia and infarction. However in CES clinical manifestations are usually subacute and chronic, and end-organ dysfunction is slow in nature. Treatment of thromboembolism should be started promptly with appropriate anticoagulation, thrombolytics, or interventional procedures. If optimal treatment is started early, successful recovery may be expected. However, treatment of CES is more difficult, prognosis is usually worse, and anticoagulation, thrombolytics, and invasive procedures may be harmful, rather than beneficial. One of the most prominent clinical features of CES is livedo reticularis, differential diagnosis of which is varied, including Blue-toe syndrome is a characteristic but not pathognomonic finding of CES that may also be observed in vasculitis and endocarditis. Peripheral pulses are usually palpable in the affected regions in CES. As such, palpable pulses may be beneficial in differentiating CES from other diseases. ARD should also be differentiated from contrast-induced AKI in patients who have undergone interventional angiographic procedures. In contrast-induced AKI, kidney dysfunction usually occurs within 48-72 hours after the procedure, and renal function usually improve within 4-7 days. By contrast, renal dysfunction due to ARD usually follows a subacute course with gradually increasing creatinine levels within 2 months. 38 Ischemic acute tubular necrosis (ATN) is also included in the differential diagnosis of ARD, and may occur due to hypotension, hypovolemia, and blood loss in patients who have undergone angiography and cardiovascular surgery. Ischemic ATN is usually associated with acute and progressive renal dysfunction after the procedure, and kidney functions usually improve within 2-3 weeks if underlying etiology is properly managed. 39 Multisystemic manifestations of CES and ARD, such as extrarenal emboli and cutaneous findings, may be beneficial in differentiation of these entities from contrastinduced AKI and ischemic ATN.
Risk factors for CES
Risk factors for CES are presented in Table 2 . The most important risk factor for CES is atherosclerosis and most of the listed risk factors, such as diabetes mellitus, hypertension, hyperlipidemia, and smoking are actually also risk factors for atherosclerosis. Severity of atherosclerosis is the determinant of the risk of CES. It has been shown that if atherosclerotic plaques have ulceration, mobile thrombi, and thickness ≥4 mm in TEE, the risk of CES is very high. 40, 41 In addition to TEE, computed tomography and magnetic resonance imaging are becoming increasingly popular to determine the characteristics of the atherosclerotic plaques, which may allow us to stratify the risk of CES in high-risk populations.
taneous CES was only 4%, in contrast to 25%-30% in patients who died within 6 months after coronary angiography and aortography. Angiography seems to be the most frequent procedure causing CES (80% of iatrogenic cases). 35, 42 Among angiographic procedures, coronary angiography is the most common intervention causing CES, with incidence of 0.06%-1.8%.
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In Ascione et al, 44 retinal and cerebral microembolization were compared between off-pump and traditional cardiopulmonary bypass techniques. In off-pump group, fewer microembolization events were found compared to the traditional surgery group. As we have previously mentioned, increased inflammation is an important risk factor for CES. In Fukumoto et al, 11 plasma CRP levels were significantly higher in patients with CES than those without CES (0.7 vs 2.4 mg/dL). Furthermore, on multivariate analysis increased CRP was found to be an independent predictor of CES (OR 4.6). Presence of atherosclerotic renal artery stenosis was found to be an important risk factor for postprocedural ARD after renal arteriography, with incidence of 2%. 45 Anticoagulation and fibrinolytics as a risk factor of CES Anticoagulants and fibrinolytics have been accused of causing CES through rupture of plaques by causing internal hemorrhage and disruption of fibrous caps, which causes exposure of CCs to systemic circulation. 38, 46 However, these treatments rarely lead to CES in the absence of vascular intervention or surgery, and most of these patients who have anticoagulation-induced CES have an additional inciting event, such as angiography. In Blankenship et al, 12 60 patients with acute myocardial infarction who underwent coronary artery bypassgraft surgery were enrolled: 29 patients received thrombolytic therapy for myocardial infarction and 31 were treated conservatively. CES frequency was not different between the groups (14% vs 10%, respectively) which might denote that thrombolytics were not associated with induction of CES. In several studies, warfarin has been reported to be related to CES, with incidence of 0.7%-1.0%. 46 However, there have been other studies that have investigated whether anticoagulant therapy leads to CES in patients with aortic plaque determined by TEE, and in these studies no increased risk of CES was found with anticoagulation. 11, 47 In conclusion, a causal association between anticoagulants/ fibrinolytics and CES has not been established.
Route of angiography as a risk factor of CES
Abdominal aorta may be the most severely involved location with atherosclerotic plaques, and thus mechanical injury and disruption of plaques by catheters has been considered to lead to CES. 48 Therefore, it is hypothesized that the femoral approach may be associated with a higher risk of CES than the brachial approach. 49 Brachial and femoral approaches of angiography have been compared in terms of risk of CES in several studies. In Fukumoto et al, 11 there was no significant difference in prevalence of the femoral approach with and without CES. It was concluded that ascending aorta may also be a main embolic source leading to CES. Similarly, Johnson et al 50 did not find a difference in peripheral vascular complications, such as CES, between the brachial and femoral approaches. However, in this study only one patient developed CES at follow-up, which may be regarded an important limitation of the study. However, several other studies have shown less frequent AKI and possibly less ARD after a brachial/transradial approach compared to the femoral approach. In Kooiman et al, the risk of AKI was found to be significantly lower with the brachial route than the femoral approach. 51 Similarly, in a large randomized multicenter trial (AKI-MATRIX), AKI occurred in 15% of patients with the radial approach and 17% with the femoral approach (OR 0.87, 95% CI 0.77-0.98; P=0.01). 52 It was concluded that this lower risk of AKI might have been due to lower incidence of contrast-induced AKI and/or ARD. In another study performed on 69,214 patients after coronary angiography, development of chronic kidney disease within 6 months of intervention was significantly lower with the transradial approach than the transfemoral approach. 53 
Clinical manifestations
Clinical manifestations of CES are summarized in Table 3 . Systemic constitutional symptoms, such as fever, fatigue, anorexia, weight loss, and myalgia, may be frequently observed during the course of CES. CES is characterized by a relatively long prodromal period between the inciting event and appearance of symptoms. For example, in a review of CES cases, skin findings were found to develop after more than a month of the inciting event. 54 Most frequent manifestations of CES seem to be cutaneous and renal.
Cutaneous manifestations
In a review of CES cases, skin findings were commonly observed, and reported to be present in 34% of cases.
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Cutaneous findings included livedo reticularis, cyanosis, gangrene, skin ulcers, purpura, erythematous nodules, and blue-toe syndrome. Since CES involves the small arteries and arterioles, arterial pulses are usually palpable in involved areas, which may be a discriminating feature of CES.
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Atheroembolic renal disease ARD may develop in an acute, subacute, or chronic fashion. Massive embolization of CCs may cause acute ARD within 1 week of the inciting event. However, most commonly ARD follows a subacute clinical course, with progressive kidney dysfunction within several weeks. In a study, mean duration between vascular intervention and diagnosis of ARD was found to be 5.3 weeks. 32 Another clinical form is chronic ARD, in which slow and progressive kidney dysfunction occurs. Chronic ARD is difficult to diagnose and frequently underdiagnosed, because it is clinically silent and extrarenal manifestations usually absent. 57 Renal outcomes of ARD can be variable.
Dialysis has been reported to be needed in 28%-61% of patients, with 20%-30% partially recovering renal function after several dialysis sessions. 28, 35, 38, 58, 59 In patients with ARD, preexisting chronic kidney disease and long-standing hypertension have been found to be associated with increased risk of progression to end-stage renal disease (ESRD). 35, 60 Since CCs mostly involve the small arcuate and interlobar arteries and arterioles, symptoms and signs of ARD are usually bland when compared Mild-moderate proteinuria is commonly seen in ARD. However nephrotic-range proteinuria has also been reported in cases of CES-induced focal segmental glomerulosclerosis. In such cases, focal segmental glomerulosclerosis is usually a cellular variant with podocyte hypertrophy and capillary-loop collapse. 61 CES-induced malignant hypertension may also cause significant proteinuria.
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ARD may also be seen after renal transplantation, with incidence of 0.39%-0.47%. 62, 63 It may occur very early or late after transplantation. 64 The source of CCs may be donor or recipient vessels. 65 CES of donor origin usually occurs early after transplantation, leading to primary allograft failure; however, CES of recipient origin usually occurs years after transplantation, causing chronic allograft dysfunction. 66, 67 CES of donor origin has been reported to have poorer prognosis. 62 
Hypertension
CES is known to be associated with resistant and malignant hypertension. 68, 69 In a review by Lye et al 70 that
included 129 patients, 48% of these were found to have severe hypertension. The pathophysiology of this hypertension seems to be caused by obstruction of renal arterioles by CCs, which in turn leads to activation of the RAAS. In a case series by Scolari et al, 28 a history of hypertension exacerbated by CES was found in 46 patients (88%). In six patients (12%), de novo hypertension developed after CES.
Gastrointestinal manifestations
Gastrointestinal symptoms related to CES include abdominal pain, diarrhea, and bleeding. 71 In addition to gastric and colonic ischemia and infarction, necrotizing pancreatitis, focal hepatic cell necrosis, and acalculous necrotizing cholecystitis have also been observed in the course of CES.
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Central nervous system and ocular manifestations
Central nervous system manifestations of CES include transient ischemic attack, stroke, confusion, headache, dizziness, paraparesis, mononeuropathy, spinal cord infarction, amaurosis fugax, eye pain, and blurred vision. CES usually leads to diffuse brain injury clinically represented by confusion and memory loss, rather than focal neurological signs and symptoms. Minor ischemic lesions and borderzone infarcts are characteristically observed in imaging studies in CES. 74 In contrast, thromboembolism characteristically leads to acute focal neurologic symptoms. Hollenhorst plaques are pathognomonic features of CES that can be seen as bright and refractive lesions in the retina. The most common source of these plaques is the carotid artery. 75, 76 However it should be noted that the presence of Hollenhorst plaques does not necessarily confirm that acute clinical picture is due to CES, because these plaques may represent a prior CES attack. 77 Hollenhorst plaques have been found to persist for more than a year. 76 
Other manifestations
Myocardial infarction, 78 adrenal insufficiency, 55,79 penile necrosis, 80 myositis, 81 and splenic infarcts 55, 70, 79 have been reported in the course of CES. Pulmonary involvement in the course of CES is rare, but may occur when CCs pass through systemic circulation into the venous system and pulmonary capillaries. Alveolar hemorrhage may also be seen as a manifestation of CES, which may be considered as new cause of pulmonary-renal syndromes. 82 
Laboratory testing
Leukocytosis, anemia, thrombocytopenia, eosinophilia, hypocomplementemia, increased erythrocyte-sedimentation rate, CRP, and fibrinogen may be seen in the course of CES. 11, 36 Incidence of eosinophilia has been reported to be 14%-71%. It is usually transient and induced by secreted IL5 due to activated T cells. 2 CES with kidney dysfunction has been found to show a greater increase in eosinophil counts compared to patients without kidney dysfunction. 11 Urinalysis in patients with CES is typically bland, with few cells or casts. 42 Although mild proteinuria is usually seen, nephrotic-range proteinuria has rarely been reported. 29, 61 Proteinuria and active urinary sediment are suggested to be associated with glomerular embolization, rather than typical CES cases.
2 Eosinophiluria may also be found when urine sediment is stained with Hansel's stain. 83 ANA may become positive, due to antigenic stimulation by CCs in the course of CES 84 
Treatment and management
General measures and prevention of CES
Treatment strategies are presented in Table 4 . CES is a manifestation of advanced atherosclerosis, and thus secondary prevention of cardiovascular disease is of utmost importance in these patients. 85 These measures include aspirin, statins, cessation of smoking, and control of weight, blood pressure, and glycemia. Invasive interventional studies should be avoided as much as possible in patients with CES. Although not proven, the radial artery approach may be preferred to the femoral approach when arterial intervention is absolutely necessary. Although no casual relationship between anticoagulants/thrombolytic agents and CES has been proven, they have been reported to induce CES and thus they should not be used, unless these drugs have any other indication, such as atrial fibrillation or prosthetic valve. Although antiplatelet agents have not been proven as treatment of CES, they should be used for secondary prevention of cardiovascular diseases. 1 Statins may have three basic beneficial effects as a treatment of CES: they lower low-density lipoprotein (LDL) levels, they may stabilize atherosclerotic plaques, and they may have pleiotropic anti-inflammatory effects. 86, 87 Statin treatment has been reported to be beneficial in CES, with improved cutaneous manifestations and renal outcomes. 88, 89 In a study performed on 354 patients with ARD, 116 needed dialysis and 102 died in a follow-up of 2 years. 35 In this study, baseline statin treatment was found to be associated with a lower risk of ESRD and improved 1-year cumulative survival. LDL apheresis was reported to decrease the need for dialysis in 49 patients with CES after 6 months. 90 Also, in other studies it was reported that LDL apheresis improved clinical manifestations in patients with CES. 
Anti-inflammatory treatments
Inflammation is one of the cornerstones in the pathophysiology of CES, and thus anti-inflammatory agents may be hypothesized to be effective in CES. Although several case reports and series have shown beneficial effects with such anti-inflammatory drugs as corticosteroids and cyclophosphamide, there has been no randomized controlled trial evaluating these drugs in the treatment of CES. 59, [93] [94] [95] [96] Dahlberg et al 18 reported that high-dose corticosteroids were effective in reducing symptoms in two patients with ARD. In another study, with oral prednisolone 1 mg/kg/day, kidney outcomes were improved in patients with CES. 94 In contrast, several studies have shown that corticosteroids are not effective, especially in the long term. 97 Colchicine is known to inhibit chemotaxis and phagocytosis of polymorphonuclear lymphocytes. 98 Furthermore, colchicine has also been reported to block autoinflammatory pathways, including NLRP3 and IL1. 99, 100 Recently, colchicine has been reported to reduce the risk of cardiovascular events. 101 A case of leg ulceration caused by CES was reported to improve with colchicine and corticosteroids. 102 Interventional and surgical treatments Endovascular interventions and surgical treatments, such as endarterectomy and bypass procedures, may be beneficial if the embolic source can be localized exactly. 6, 102 However, frequently the source of CES is not certain and embolization risk of the existing plaques is not predictable. In a study by Keen et al 103 performed on 100 patients with CES, correction of the embolization source was achieved with bypass surgeries and endarterectomies. The survival rate was found to be 89% at 1 year. All seven early deaths occurred in patients with suprarenal aortic disease, 6 of whom were under hemodialysis treatment. In this study, it was concluded that surgical elimination of the embolization source can be performed with low mortality only when the source is located in the infrarenal aorta. Since the risk of morbidity and mortality is high, surgery should be considered only as rescue therapy in life-threatening situations in CES. Angioplasty and stent implantation have been reported in a small number of patients with aortoiliac and femoral arterial sources. 6, 104 There is always a high risk of further induction of CES in these vascular interventions, and thus embolic protection devices may decrease the risk of further embolization.
Prognosis
Prognosis of patients with CES is usually poor, probably due to advanced atherosclerosis and related comorbid cardiovascular diseases. In a recent study, 648 cases of iatrogenic CES were reviewed and composite incidence of mortality was reported to be 63%. 105 In a review of 221 cases of histologically proven CES, mortality rates were as high as 80% when cases that had been diagnosed postmortem were included. 55 In Fukumoto et al, 11 in which patients who had undergone left-heart catheterization were enrolled, the in-hospital mortality rate of patients with CES was found to be 16% (four patients), which was significantly higher than the group without CES (0.5%; P<0.01). In this study, all cases of death had renal dysfunction after catheterization, suggesting that renal involvement in CES may have important prognostic implications. In another study performed on 354 patients diagnosed with ARD, at 2-year follow-up, >30% of patients had progressed to ESRD and 28% had died. 42 Furthermore, most importantly, 1-year and 2-year survival was markedly reduced in these patients (83% and 75%, respectively). 106 These specific targeted treatments may also be beneficial in selected patients with CES in early phases of the disease. Future randomized trials are needed in this context. Other conventional anti-inflammatory agents, such as corticosteroids and cyclophosphamide, may be used as treatment of CES; however, serious side effects associated with these agents and lack of randomized studies limit their use.
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